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Since the original discovery and cloning of tumor necrosis 
factor-IX (TNFIX) and interleukin-l (!L-l), our understanding of 
the underlying role that these and other cytokines play in the 
sepsis response has gready evolved. The original concept that 
the sepsis response is a result of a linear cytokine cascade 
induced by TNFIX and IL-l has given way to the appreciation 
that sepsis syndromes often result from a more complex 
interplay between proinflammatory cytokines, antiinflammatory 
cytokines, and cytokine antagonists. The proinflammatory 
cytokine-dominated, systemic inflammatory response syndrome 
is likely an episodic or transient occurrence; and many septic 
patients present with a compensatory antiinflammatory cytokine 
response dominated by the release of antiinflammatory cyto
kines and cytokine antagonists, leading to immune suppression. 
There is also growing appreciation that other members of the 
TNFIX superfamily, including Fas ligand (FasL) and glucocor
ticoids, play an increasingly important role in the loss of immune 
cells during sepsis through apoptotic processes. The cytokine 
component of the innate immune response to sepsis plays a 
complex role not only in the inflammatory response syndrome 
but also in determining the nature and magnitude of the 
acquired immune response. 

Host Cytokine Response to Sepsis 

Tumor necrosis factor-rx and IL-I were initially purified and 
cloned in 1984-1985.1-5 Within 5 years convincing animal 
evidence had demonstrated that an exaggerated TNFrx and IL-l 
response were the prime cause of mortality in bacteremic and 
endotoxemic shock.6--S Since 1993 there have been more than 
15 phase II and phase III clinical trials of TNFIX and IL-l 
inhibitors in patients with sepsis syndromes. The disappointing 
results of these clinical trials have been the topic of several 
outstanding reviews9--12 and are well beyond the scope of this 
summary. 

There is now growing appreciation that the cytokine response 
to sepsis is not simply a linear cascade initiated by the 
exaggerated release of proinflammatory cytokines such as TNFrx 
and IL-l. Early studies in primates suggested that in response to 

gram-negative bacteria or endotoxin there was an immediate 
systemic TNFIX and IL-l response that initiated the synthesis 
and release of more distal proinflammatory cytokines, anti
inflammatory cytokines, and cytokine inhibitors. Administration 
of recombinant TNFIX to a healthy organism recapitulated the 

h . 1 . 13 14 d kin d' P ySIO Oglc' an cyto e responses to en otoxeIDIC or 
bacteremic shock/3,15--IS including the release of IL-1, IL-6, 
11.8, IL-lO, p55, p75, and IL-l receptor antagonist (lL-lra). In 
primate models where gram-negative bacteria or their prod
ucts were intravenously administered, blocking the endoge
nous TNFrx response suppressed the release of other, more 
distal proinflammatory cytokines (e.g., IL-1 and IL_819,20), 

antiinflammatory cytokines (e.g., IL-6 and IL-I0), and cyto
kine antagonists (e.g., IL-lra and p55).16,21,22 Although several 
rodent studies, using cecal ligation and puncture (CLP) to 
create sepsis, were unable to confirm that blocking TNFrx 
had a positive effect on either outcome or cytokine produc
tion,23-25 clinical trials were initiated in patients with sepsis 
syndrome. 

During the course of those clinical trials, it became evident 
that a large proportion of critically ill patients with sepsis 
syndromes do not sustain an exaggerated proinfiammatory 
response but, rather, exhibit what the late Roger Bone called a 
compensatory antiinflammatory response syndrome and immu
nosuppression.26 Plasma cytokine profiles from patients with 
sepsis or systemic inflammatory response syndromes suggest that 
fewer than 10% of patients with sepsis syndrome have elevated 
levels of pro inflammatory cytokines (e.g., TNFrx, IL-lP, IL-8) at 
any given time (Table 16.1). As early as 1992 we reported that 
few patients meeting the clinical criteria of sepsis syndrome had 
detectable TNFIX bioactivity in their serum;27 rather, most of 
these patients had net TNF -inhibitory activity in their plasma. 
In a retrospective analysis of 83 patients from the IL-Ira phase 
III clinical trial,28 fewer than 511/0 of these patients had detectable 
TNFrx or IL-lfJ in their circulation.29 Furthermore, blockade of 
TNFrx in patients with sepsis syndrome does not appear to have 
a significant impact on the concentrations of other proinflam
matory or antiinflammatory cytokines,30 suggesting that in 
human sepsis TNFrx may not be the early, proximal mediator 
seen in primate models of endotoxin or bacteremic shock. 
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TABLE 16.1. PlamIa Proinflammatory, Antiinflammatory, and Cyto
kine Antagonists in Patients with Sepsis Syndromes. 

Proinflammatory cytokines 
TNFa 
IL-la, IL-ljJ 
IL-8 
IL-12 heterodimer 
IL-18 

IFNI' 
IL-6 

Antiinflammatory cytokines 
IL-6 
IL-IO 
ill 

Cytokine antagonists 
IL-lra 
p68 (sIL-I RII) 
p55 (s1NFR. I) 
p75 (s1NFR. II) 

In a large proportion of patients, the clinical manifestations of 
the sepsis syndrome may not represent a systemic proinflam
matory cytokine response but, rather, a refractory antiinflam
matory response that leads to anergy and immunosuppression. 
Indeed, Bone26,31 argued convincingly that a significant pro
portion of patients with the sepsis syndrome may be manifesting 
an unbalanced, compensatory antiinflammatory response that 
represents the opposite end of the biologic continuum from the 
proinflammatory response. Indeed, elevated levels of the 
antiinflammatory cytokine IL-IO have been reported in a large 
proportion of patients initially with septic shock, 32 and these 

·th d 33-35 elevated levels appear to correlate WI a verse outcome. 
The apparent immunosuppression seen in some patients with 
sepsis syndrome has led to the proposition of restoring 
macrophage deactivation by exogenous administration of inter
feron-}' (IFN}').36,37 

In addition, there is clear evidence that plasma concentrations 
of cytokine antagonists are elevated in patients with sepsis 
syndrome; and unlike TNFrx and IL-lP, their concentrations 
remain elevated for sustained periods. In response to an 
endotoxin or gram-negative bacteremic challenge, TNFGt and 
IL-l P concentrations peak within 1-3 hours and disappear 
within 4-8 hours,B,3B whereas IL-lra, p55, and p75 concentra
tions remain elevated for up to 24 hourS.39--41 

Interleukin -10 

Interleukin-IO has attracted a great deal of attention lately, but 
its role in the sepsis response remains unclear and complex. Of 
all the principal antiinflammatory cytokines, IL-IO appears most 
frequently in the circulation; and modulation of its activity has 
been shown to have both positive and adverse effects on 
outcome. IL-IO is produced by macrophages and T cells in 
response to a variety of stimuli, including endotoxin.42 The 
plasma appearance of IL-I 0 in response to endotoxin stimula
tion is delayed relative to the proinflammatory cytokines IL-l 
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TABLE 16.2. Known Antiinflammatory and Immunosuppressive Prop
erties of Interleukin-IO. 

Antiinflarnmatory properties 
Suppresses TNFa:, IL-I, IL-8, IL-12, GM-CSF, MIP-l, and IFN)' expression 
Increases IL-l ra release, shedding of p55 and p 7 5 receptors 
Inhibits antigen presentation by macrophages and dendritic cells 
Suppresses effector functions of macrophages, T and NK cells 
Blocks phosphorylation of liclJ 

Immunosuppressive properties 
Suppresses T cell proliferation to mitogen such as concanavalin A 
Suppresses Thl cell development, reducing cell-mediated immune responses 
Promotes Th2 cell development and antibody fonnation 
Downregulates IFNi' induced and constitutive expression ofMHC class II 
May stimulate lymphocyte apoptosis 

In vivo responses 
Exogeneous administration prevents endotoxin-induced shock and lethality 
Endogenous production reduces inflammatory response and improves 
outcome to cecal ligation and puncture and pancreatitis 

Endogeneous production after cecal ligation and puncture increases 
lymphocyte apoptosis and decreases innate immune responses in the lung 

to Streptocococcus and Pseudommuu 
Endogeneous production after a burn injury responsible for T cell energy 
Tolerance to endotoxin is IL-IO-dependent 

and TNFIX;16 IL-lO mRNA transcripts appear 8 hours after 
endotoxin challenge and peak at 24 hours.43 In addition, both 
TNFGt16 and IL_l44 induce expression of IL-1O; and IL-IO has 
been shown to downregulate its own expression from endotoxin
activated monocytes in an autocrine fashion.43 IL-IO exhibits 
direct antiinflammatory and immunosuppressive properties 
against a variety of cell types including macrophages, endothe
lial cells, and tissue fibroblasts42 (Table 16.2). Specifically, IL-lO 
has been shown to inhibit TNFIX, IL-IGt, IL-lP, IL-6, IL-8, and 
macrophage inflammatory protein-l (MIP-l) expression by 

d . . ula d d hil 36374546 In en OtOXlO-stml te monocytes an neutrop s. ' , , 
addition, IL-10 promotes shedding of the TNF receptors (p55. 
and p75) and expression of IL-lra.36 In vivo, both Howard 
et al.48 and Gerard et al.49 reported that pretreating mice with 
IL-IO attenuated the plasma TNFIX response and lethality 
associated with endotoxemic shock. Additionally, intravenously 
administered IL-IO was shown to block ex vivo endotoxin 
induction of IL-l and TNFIX in a dose-dependent fashion in 
normal volunteers, with the effects lasting up to 48 hourS.50,51 
These data, in toto, suggest that IL-IO is a natural component of 
the inflammatory response and serves to shorten its duration 
and reduce its magnitude. This conclusion is supported by the 
observation that IL-lO knockout mice and normal mice treated 
with anti-IL-IO antibodies manifest an exaggerated ioHamma-

. d" .. 5253 tory response m response to en otOXlO or pentorutIs. • 
Experimental studies from our laboratory in the murine 

visceral ischemia and reperfusion model have examined the 
potential therapeutic role ofIL-10.54 Pretreatment with human 
recombinant IL-IO (0.2-20.0 pg) prior to visceral ischemia 
resulted in a dose-dependent reduction in the resultant lung 
injury as measured by neutrophil infiltration. Notably, lung 
injury was reduced with the lower dosages (10-250 pg/kg 
body weight), but IL-lO was ineffective at the higher dosages 
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(1-10 mg/kg). Furthermore, no TNFIX was detected in the 
plasma during reperfusion after pretreatment with the lower 
IT..-IO dosages. Similar findings have been reported from 
our laboratory after pretreatment with IL-IO prior to skeletal 
muscle ischemia and reperfusion injury in a rat model. 55 

The antiinflammatory properties of IL-l 0 cannot be distin
guished from its immunosuppressive properties, and there is 
accumulating evidence to suggest that the immune suppression 
seen after sepsis or thermal iqjuries is frequendy associated with 
reduced T cell mitogenic responses and increased lymphocyte 
apoptosis. Kelly et al.56 demonstrated that systemic release of 
IL-IO can explain the observed T cell anergy after thermal 
injury in an experimental model of burn injury. Additionally, 
Song and colleagues demonstrated that the splenic T cell 
proliferative responses to concanavalin A were reduced after 
CLP, due to an endogenous IL-I0 response.57 Similarly, 
Steinhauser and colleagues demonstrated that after CLP 
intratracheal instillation of PslfUdnmonas produced an IL-IO
dependent increase in mortality. 58 These authors concluded that 
the septic response substantially impairs the lung's innate 
immunity to Pseudomonas, and this effect is mediated primarily 
by endogenously produced IL-1O. Furthermore, Van der Poll 
et al.59 demonstrated that exogenous IL-IO increased the 
susceptibility to Streptococcus pneumoniae-induced acute respiratory 
distress syndrome (ARDS) in a murine model. 

Therapeutic use of IL-IO as an antiinflammatory agent in 
patients with sepsis and the systemic inflammatory response 
syndrome (SIRS) remains a highly controversial topic. IL-IO has 
been or currently is in clinical trials in patients with rheumatoid 
arthritis, inflammatory bowel disease, human immunodeficiency 
virus (lllV) infection, hepatitis C infections, and other chronic 
inflammatory diseases60,61 (fable 16.3). The safety profile has 
been good; and despite chronic administration for periods of 
several months, an increased frequency or severity of infections 

TABLE 16.3. Diseases for Which ll..-IO Therapies Have Been Used and 
Their Outcome. 

Disease Outcome 

Rhemnatoid arthritis Positive results in phase II clinical trials; 
studies continuing 

Inflammatory howe! disease Positive results in phase II clinical trials; 
studies continuing 

Hepatitis C Combination therapy with interferon ongoing 

ARDS Results of blinded, randomized phase II trial 
pending in 1999 

Ischemial Interim analysis of phase lA safety trial pending 
reperfusion syndrome in 1999 

OKT3 treatment Only modest effectiveness 

Human volunteers Antiinflammatory and immunosuppressive 
properties defined 

Psoriasis Some modest beneficial efIects in open label 
study 

Jarisch-Herxheimer reaction Only modest effectiveness 

has not been reported. The primary complications associated 
with its administration have been minimal and include injection 
site inflammation, lethargy and headache. There are at present 
two clinical trials with IT..-10 in patients with ARDS and 
following intestinal ischemia/reperfusion injury after thoraco
abdominal aortic injury repair, which will be reported in the 
near future. The goal of these studies is to determine whether 
IT..-IO-mediated suppression of the inflammatory response to 
ARDS or ischemia/reperfusion injury results in reduced severity 
and frequency of multisystem organ failure. These studies 
should go a long way to answering the question of whether the 
antiinflammatory properties of IL-IO are outweighed by its 
immunosuppressive properties and if IL-l 0 has a clinical role as 
a therapeutic agent in sepsis syndrome. 

TNFoc and Members of Its Superfamily 

TNFIX is only one member of an increasingly large superfamily 
of proteins with structural and functional homology. As shown 
in Table 16.4, there are multiple members of this family, many 
of which have functions that are still unknown. Known 
members of the TNF family [mcluding TNFa, FasL, and 
apolipoprotein I (Apo 1) ligand], and TNF-related apoptosis
inducing ligand (fRAIL, or Apo IT ligand) play at least two 
critical roles in intercellular communication and tissue homeo
stasis. These proteins signal the presence of inflammation 
through NFKB-dependent processes and initiate removal of 
unnecessary or potentially dangerous cells by apoptosis.62 The 
proinflammatory properties of TNFIX are well known, but it is 
only during the past few years that the proapoptotic properties 
of TNFa have been studied, especially in regard to sepsis and 
SIRS. At present it is unclear why so many distinct members of 
this cytokine family exist; and the relative contributions played 
by each in specific inflammatory processes, such as endotoxemic 
shock and bacterial peritonitis, is uncertain. 

The most well known member of the TNF family is TNFIX, in 
part because it is the only member of the TNF family that is 
readily secreted in a biologically active form. Although 17 -IDa 
TNFIX is presumed to playa central role in the vascular changes 
associated with bacteremic/endotoxemic shock, there is increas
ing evidence that membrane-associated TNFIX also plays a 

TABLE 16.4. Known Members of the TNF Superfamily. 

Tumor necrosis factor-a (INFIX) 
Fas ligand (FasL) 
TNF-related apoptosis-inducing ligand (TRAIL) 
Lymphotoxin-tX, Lymphotoxin-,8 
Nerve growth factor (NGF) 
CD40 ligand, CD27 ligand, CDSO ligand 
OX-40 ligand, 40lBB ligand 
Osteoclast differentiation factor (ODF) 
TNF-related activation-induced cytokine (TRANCE) 
Receptor activator of NFICB ligand (RANKL) 
IJGHT 
TWEAK 
APRIl.. (a proliferation-inducing ligand) 
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FIGURE 16.1. Reverse transcriptase-polyrnerase chain reaction (R T
PCR) detennination of TNFcx and FasL expression in endotoxinemic 
shock (LPS) and cecal ligation and puncture (CLP). Samples were 
obtained from mice 2 hours after endotoxemic shock and 3 hours after 
cecal legation and puncture. (Modified from Tannahill et al.,69 with 
permission). 

critical role in inflammation and apoptosis associated with 
hepatitis and rheumatoid arthritis.63-65 Other members of the 
TNF family, including FasL and TRAIL, appear to be almost 
exclusively membrane-associated, although the adamolysins 
(which process membrane-associated TNFoc) may also process 
FasL.66 However, secreted FasL may not be bioactive; rather, it 
may be an inhibitor of Fas/CD95 signaling.67 

Members of the TNF family are therefore primarily cell
associated and communicate in a paracrine fashion,62,68 so it is 
unlikely that we would detect these proteins in the circulation. 
Because members of these protein groups often share overlap
ping biologic activities, the role other members of this family 
play in the host response to sepsis or SIRS remains unknown. 
This is particularly the case in rodent CLP models, where the 
immunologic dissonance and mortality are not dependent on 
TNFoc. In a recently reported study we employed a sensitive, 
semiquantitative reverse transcriptase-polymerase chain reac
tion (RT-PCR) technique to quantitate the changes in mRNA 
levels that occur in response to these inflammatory stimuli69 

(Fig. 16.1). TNFoc, FasL, TRAIL, CD30L, and CD40L expres
sion were all evaluated in organs of the reticuloendothelial 
system in both endotoxemic shock and CLP models. 

The results were clear-cut. Of the five members of the TNFoc 
superfamily examined, only expression of TNFoc and FasL were 
increased in both models (fable 16.5). FasL expression was 
increased in both liver and lung following endotoxinemia and 
CLP and paralleled the increases in expression of TNFoc. 
Surprisingly, TRAIL expression appeared to be constitutive and 
was generally unaffected by the presence of inflammation, 
although expression may have decreased in the lung. CD30L 
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TABLE 16.5. Summary ofCytokine Expression in Various Organs after 
CLP or Endotoxinemia. 

Cytokine Lung Liver Kidney Spleen 

TNFa: ++++ ++++ +/-
FasL ++++ ++++ +/-
TRAIL ++/- +/- +/- +/-
CD40L +/- +/- +/- +/-
CD30L nd +/- nd +/-

CLP, cecal ligation and puncture. 
++++, significant increase in expression following CLP and endotoxinemia; 
- , significant decline in expression after CLP; ++/-, increase in lung expression 
transiently after endotoxinemia but a progressive decline 24 hour after CLP; 
+/-, no consistent change in expression; nd, samples were not analyzed. 

and CD40L expression were highly variable in the organs but 
did not seem to be affected by either endotoxemia or CLP. 

These data suggest that TRAIL, CD30L, and CD40L 
expression likely do not contribute to organ apoptosis or an 
inflammatory response after CLP or endotoxinemia. However, 
TRAIL bioactivity may not be regulated at the level of TRAIL 
expression but, rather, at the level of receptor signaling. TRAIL 
can bind to either of two functioning receptors (fRAIL-Rl or 
TRAIL-R2) or to two decoy receptors (DcRl and DcR2), which 
do not transduce a signal.7o It is the distribution of these receptors 
that appears to determine the differential responsiveness of 
normal and malignant cells to TRAIL-mediated apoptosis. 

The current findings should help focus research attention on 
the possible roles played by TNFoc and FasL in the host response 
to acute bacterial infections and endotoxemia. There is growing 
appreciation that although an exaggerated TNFoc response 
contributes to the organ failure and death associated with 
bacteremic or endotoxemic shock TNFoc does not play a 
significant contributory role in mortality after CLP. We know, 
for example, that TNFoc through p55 receptor signaling can 
induce apoptosis in lymphoid, epithelial, and endothelial cells. 
However, Hiramatsu et al. demonstrated that blocking an 
endogenous TNFoc response had no effect on the increased 
apoptosis seen in thymus, spleen, lung, and gut.71 Similarly, 
Ayala et al. reported increased thymic apoptosis in mice 
subjected to CLP that was unaffected by TNFoc blockade. 72 
Although increased TNFoc expression appears to be a ubiquitous 
response to gram-negative bacterial infections and endotoxemia, 
the findings suggest that other mediators, not TNFoc, must 
contribute to these apoptotic and inflammatory changes. 

The current observation that both FasL and TNFoc are 
concordantly increased in liver and lungs from mice following 
CLP suggests that increased FasL expression may be an 
additional mediator contributing to the apoptotic processes 
present in these tissues or organs. We have previously shown 
that FasL and TNFoc expression are concordantly increased in 
the livers of mice with concanavalin A hepatitis, a T cell
mediated injury, although inhibiting FasL activity with a soluble 
Fas immunoadhesin had only modest effects.68 

The role FasL plays in the response to endotoxemia and CLP 
remains unclear. Nagata's group showed that FasL contributes 
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to the hepatic injury secondary to overexpression of hepatitis B 
virus (HBV) antigens or endotoxin in a Corynebacterium parvum
primed mouse,73 but that has not been our experience. We 
demonstrated that FasL played a role in the apoptotic liver 
injury following administration of concanavalin A only when the 
processing of FasL was inhibited by a matrix metalloproteinase 
inhibitor. 58 We could not demonstrate a role for FasL in the 
apoptotic injury that accompanied concanavalin A administra
tion or after endotoxin-induced shock (unpublished observa
tions). 

Role of Cytokines in Organ Apoptosis 
after Sepsis and Bums 

There has been increasing awareness that apoptosis occurs after 
sepsis and bum injury, but litde is known about the organs and 
cell types affected. We and others have demonstrated that after 
CLP, endotoxinemia, or a thermal injury increased apoptosis is 
limited primarily to lymphoid tissues/ I- 77 Increased apoptosis is 
not observed in parenchymal cells of the liver or in epithelial 
cells of the kidney, although there are modest increases in the 
lungs. Rather, the increases in organ apoptosis are primarily 
seen in lymphoid-rich organs (spleen, thymus, small intestine). 
Hotchkiss et al.7B also reported increased lymphocyte apoptosis 
in the lungs of mice after CLP. Such increased apoptosis of 
lymphoid cell populations, frequendy seen following a variety of 
inflammatory insults, is proposed to contribute to the immune 
suppression that often results. This increased apoptosis in 
thymus and spleen is seen in both mature and immature T and 
B cells; and it appears to be dependent primarily on activation of 
caspase-3-dependent pathways. We have shown that treatment 
of mice with a synthetic inhibitor of caspase-3 completely 
prevented the increased apoptosis seen after a bum injury. 74-

Similarly, Hotchkiss et al. reported that mice overexpressing 
BCL-2 had attenuated apoptosis and increased survival after 
CLP.7S 

Interestingly, Hotchkiss and colleagues have examined organ 
apoptosis, caspase-3, and BCL-2 activity in lymphoid organs 
from patients who had immediately expired from sepsis.79 Using 
histologic criteria, these investigators demonstrated that almost 
50% of these patients had increased apoptosis and caspase-3 
activity in lymphoid cells from spleen and intestine. In contrast, 
apoptosis was a rare event in patients expiring from nonseptic 
events. This is the first demonstration of increased apoptosis in 
lymphoid organs from patients expiring from sepsis and suggests 
that increased apoptotic loss of immune cells is a real event in 
human sepsis. 

Caspase-3- and BCL-2-dependent apoptosis are hallmarks of 
TNFrx- and FasL-mediated apoptosis, signaling via the p55 and 
Fas/CD95 receptors, respectively.62 Activation of the death 
domains of these two receptors results in concatamerization of 
death effector molecules, such as TNF-Receptor associated 
death domain (TRADD) and Fas-associated death domain 
(FADD), and activation of caspase B, Mast-associated CED3 
Homologue, MACH 1, or FLICE, FADD-like IL-I-beta con-

verting enzyme. Activation of this early member of the caspase 
cascade leads to catalysis and autoactivation of caspase-3, a 
primary effector arm of apoptosis. 

Despite convincing evidence that this increased lymphoid 
apoptosis is caspase-3-dependent, the current evidence to date 
suggests that neither TNFac nor FasL is responsible for the 
increased apoptosis in spleen, thymus, and bone marrow. The 
only exception appears to 'be in splenic B lymphocytes. Ayala 
et al. reported that the increased apoptosis of mucosal B 
lymphocytes seen in mice following bacterial peritonitis was 
secondary to FasL, as it was markedly reduced in mice 
expressing defective FasL.77 

Rather, the data suggest that increased corticosteroid release 
can explain this increase in apoptosis seen with thermal injuries 
and CLP, presumably through a caspase-3-dependent process 
(Table 16.6). There are, in fact, two lines of evidence to suggest 
a primary role for glucocorticoids in mediating this response. 
When dexamethasone was administered to healthy mice, similar 
transient increases in apoptosis were seen in spleen and 
thymus. so Nakamura et al. similarly observed that during 
glucocorticoid-induced thymocyte death most apoptotic cells 
aggregated to form clusters being phagocytosed by macro
phages.8o This histologic feature is similar to that observed in 
thymus and spleen after bum injury. Caspase-3 activity also in
creases during thymocyte apoptosis induced by dexamethasone; 
and pretreatment with a caspase-3 inhibitor prevents apoptosis 
due to corticosteroid administration.B1,B2 

Second, blocking endogenous glucocorticoids with mifepri
stone reduced not only apoptosis in both organs but also 
caspase-3 activity. We have previously shown that treatment of 
mice with a caspase-3, but not a caspase-l, inhibitor prevented 
apoptosis after a bum injury in both spleen and thymus. 74-

Treating mice with mifepristone also blocked the increased 
apoptosis seen in thymus and spleen after a bum injury. These 
findings are therefore consistent with previous work demon
strating that the increased apoptosis observed in thymus after 
CLP appeared to be due to glucocorticoids alone.72 Because 
suppression of glucocorticoid responses after sepsis is not a 
viable therapeutic alternative) recent efforts have been directed 
at blocking organ apoptosis through inhibition of caspase-3 
pathways. Synthetic inhibitors of caspase-3 as well as novel pox 
viral proteins (Crm A and SPI-2) are currently in preclinical 
testing as a means to reduce the apoptosis of lymphoid organs 
that accompanies sepsis. 

Cell-Associated TNFoc Signaling 

Although it has been known since the studies of Kriegler et al. 
that TNFrx can exist in both cell-associated and secreted forms, 
and both forms are bioactive,83 the role these two species play in 
organ injury and apoptosis is unclear. We and others have 
previously shown that it is the secreted I 7 -IDa TNFac, circulating 
in a trimeric form, that is primarily responsible for shock and 
organ injury (for review see Ksontini et al.62); but the concept 
that TNFiX signaling of inflammation and apoptosis in vivo 
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TABLE 16.6. Role of Va no us Humoral Mediators and Cell Signaling Pathways in Increased Apoptosis after CLP or 
Thermal Injury. 

Mediator/pathway Role 

TNFa May be associated with hepatocyte apoptosis in models of T cell-mediated liver injury, such as in 
hepatitis B or C or adenov:i.ral gene therapy, or in macrophage--mediated hepatocyte apoptosis in 
the presence of transcriptional inlubitors 

Does not appear to play a significant role in lymphoid cell apoptosis in sepsis syndromes or thermal 
injury 

FasL Does not appear to play a significant role in the mortality due to endotoxoin shock or in liver 
apoptosis in either macrophage or T cell models of hepatocyte apoptotic irtiury 

Does not appear to playa significant role in the apoptosis of lymphoid tissues after CLP, with the 
exception of some gut-associated B cell populations 

Granzymes/perforin 

TRAIL 

Lymphotoxin, 

Role in mediating apoptosis in sepsis or burn injury unclear 

Probably plays little role in organ apoptosis after acute inflammation 

Role in mediating apoptosis in sepsis or buro injury unclear 
CD40LlCD30L, 
other members of the 
TNF superfamily 

Glucocorticoids Major player in the early apoptotic responses by lymphoid tissues to CLP 
Induces apoptosis in several T and B cell classes 
Activates apoptosis through caspase-3-dependent pathways 

occurs sole?? through p55 has been challenged by Grell and 
associates.!!4 Grell et al. compellingly demonstrated that the 
diversity of TNFcx actions arises from a differential responsive
ness of the two TNFcx receptors for the secreted and cell
associated forms of TNFcx (Fig. 16.2). We observed that the 
principal form of TNFcx recovered from livers of burned and 
septic rats was a 26- to 29-kDa protein.8S TNFcx is synthesized as 
a 26-kDa membrane-associated precursor that is cleaved to the 
17-kDa form by TNFcx converting enzyme TACE, a novel matrix 
metalloproteinase recently cloned and described.86 Grell et al. 
argued that the principal ligand for the p55 receptor is the 17-
kDa secreted form of TNFor:. The on-off kinetics of the 
17-kDa TNFor: with p75 receptor are fast. In conditions oflow 
TNFoc concentrations, p75 may serve as a ligand passer for the 
p55 receptor and increase TNF!X binding to p55.87,88 Converse
ly, close juxtaposition of the 26-kDa cell-associated TNFcx to the 
p75 receptor, as occurs during cell-to-cell contact, allows 
formation of complexes with increased stability and signaling 
potential (Fig. 16.2). Grell et al. further proposed that cell
associated TNF!X is the prime physiologic activator of the p 7 5 
receptor, implying that p75 controls the local TNFor: response in 
tissues. !!4 

Data published to date suggest that the 17 -kDa secreted 
TNFor: (not the 26-kDa cell-associated form) is primarily 
responsible for mortality due to endotoxin- or bacteremia
induced shock. Studies conducted in the baboon farther suggest 
that these 17-kDa TNFa: actions occur principally through p55 
signaling. 13,lB In two recent reports we demonstrated that 
blocking the secreted form of TNFcx with a matrix metallopro
teinase inhibitor improves survival after lipopolysaccharide 
(LPS)/n-galactosarnine-induced shock in the mouse but does 

. th . Ii .. 6389In not protect agamst e accompanymg ver illJury. ' 
concanavalin A-induced hepatitis, matrix metalloproteinase 

inhibitors exacerbated hepatocellular necrosis and apoptosis 
despite more than 90% reduction in plasma TNFoc concentra
tions. Interestingly, treatment with the matrix metalloproteinase 
inhibitor had minimal effect on the concentration of membrane
associated TNFex in the livers of animals with hepatitis. In 
contrast, a TNFoc-binding protein90 that neutralized both 
membrane-associated and soluble TNFor: attenuated both 
LPS In-galactosamine- and concanavalin A-induced hepatitis 
in the presence or absence of a matrix metalloproteinase 

26 kD TNF Signaling 17 kD TNF Signaling 

FIGURE 16.2. Proposed TNFoe signaling pathways through the p55 and 
p75 receptor. The primary receptor for the solid 17-kDa TNFa: is likely 
to be p55, whereas low concentrations ofTNFa: are effectively "passed" 
from the p75 to the p55 receptor. In contrast, because of stenc 
hindrance, cell-associated 26-kDa TNFa is not easily passed from the 
p75 receptor to the p55 receptor, and signal transduction through both 
receptors may occur. 
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inhibitor. These results suggest that 26-kDa cell-associated 
TNFoc, not the 17-kDa secreted form, plays a critical role in the 
hepatocellular necrosis and apoptosis that accompany LPS/D
galactosamine- or concanavalin A-induced hepatitis. Therefore 
the sole blockade of soluble TNFoc may be ineffective in 
preventing this type of injury. Similarly, Georgopolous et al.91 

and Kollias's group65 demonstrated (using a novel transgenic 
mouse) that expression of the transmembrane form of TNFex 
was adequate to produce experimentally induced arthritis. 

Although there is now a general consensus that the cell
associated form of TNFrx is bioactive and contributes to its 
juxtacrine effects, confirmation of preferential p75 signaling by 
cell-associated TNFIX remains controversial. Challenging their 
own hypothesis, Grell and associates demonstrated that endo
thelial cell apoptosis following irradiation and endotoxemia 
involved the transmembrane form ofTNFIX, but that it could be 
blocked by inhibiting antibodies against the p55, but not the 
p75, receptor.92 Similarly, Leist et al. observed that D-galactos
amine-sensitized mice expressing a null form of the p55 receptor 
were resistant to TNFoc-induced hepatic injury,93 suggesting that 
in experimental hepatitis cell-associated TNFcc also signals 
predominantly through the p55 receptor. 

Conclusions 

The role of cytokines in the sepsis response has become 
considerably clearer since the original descriptions ofTNFoc and 
IL-I. Although there is agreement that these two cytokines play 
critical roles in the pathogenesis of sepsis syndrome, interest in 
them as a therapeutic target in sepsis is waning. A better 
understanding of the cytokine response to sepsis reveals that 
several classes of cytokines are induced simultaneously, includ
ing proinflammatory and T-helper lymphocyte (Thl)-type 
cytokines such as TNFIX, IL-I, INFy, and IL-12, as well as 
antiinflammatory cytokines such as IL-IO, and cytokine antag
onists such as IL-lra, p55, p75, and p68. These cytokines not 
only serve to initiate the innate immune response, but especially 
IL-lO, results in a sustained immunosuppressive response 
characterized by a Th2-type response and increased lymphoid 
apoptosis. There is also increasing interest in other members of 
the TNFIX family and the role they play in apoptotic injury. 
Although FasL expression is increased in animal models of acute 
inflammation and its expression seems to parallel that ofTNFIX, 
its role in the host response to sepsis is unclear. Increased FasL 
expression does not seem to play a significant role in the 
mortality or the increased apoptosis in most lymphoid organs. 
Although progress has been made in understanding the role 
played by individual cytokines, the lack of a successful therapy 
for the patient with sepsis suggests that our knowledge of the 
role cytokines play in the host response to sepsis is still 
incomplete. 
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